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It is technically challenging to detect the low population of single-exponential fitting for monomer and trimer resonances of
partially disordered species that are in equilibrium with the folded all labeled positions within the three peptides at 10 and®@0
and unfolded states. Characterization of these states is critical to(Supporting Information, Figure S2B).
understand protein-folding processes and equilibrium properties. At 40 °C, where the three peptides exist as unfolded monomer
The ability of NMR to probe the exchange dynamics of intercon- species, the corrected diffusion coefficients to°@(denoted as
verting species of proteins at specific residues allows the design of D*9C) for all labeled positions within a given peptide are similar
sophisticated experiments to approach the identification of theseto one another (9.8810.87 x 10 "cn?/s) (see Supporting Informa-
intermediates. Recently, relaxation dispersion NMR was used to tion). The uniformity for residues at different positions is consistent
define folding intermediates in equilibrium with its unfolded and with sampling a similar averaged denatured shape. Comparison
fully folded states for an SH3 domalnHere, residue-specific ~ among the three peptides shows compar@|é”c, reflecting the
translational diffusion coefficients are used to detect equilibrium similar molecular weights and hydrodynamic properties. At@0
intermediates in self-associating systems. This methodology is the monomer is in equilibrium with the trimer and the diffusion
applied to equilibrium solutions of related triple helical peptides coefficients of monomer peaks (denotedgg?c) as well as trimer
that model a small region of type | collagen with and without a peaks (denoted a®:°c) can be measured within a single
mutation known to cause osteogenesis imperfé&ctae peptides experiment. Thé®719C (5.23-6.43 x 1077 cné/s) are significantly
are composed of interconverting trimer and monomer species, wheresmaller tharDy %€ andDy*®C as expected for the 3-fold increase
the trimer folded form has significantly different hydrodynamic in molecular weight and the acquisition of the rodlike shape.
parameters from the unfolded state, allowing residue-specific  The relationship between th2y,19°C and Dy differs among
diffusion coefficients to be sensitive to the existence of partially the three peptides (Figure 1). In F892n theDy17C for all labeled
disordered intermediates. residues (G7, A18, G25) are similar to the corredied®C values

Triple helical peptides of varying lengths and sequences have (10.13-10.88x 107 cn¥/s) (Figure 1A). For T+-892n, the slow
been used to model folding, stability, and binding regions of interconversion between monomer and trimer species and the
collager? NMR spectra of such peptides always show distinct uniform diffusion coefficients for all residues in each state support
monomer and trimer resonances, indicating slow interconversion a simple two-state equilibrium of unfolded monomer and fully
of these two populations on the NMR time scéke peptide (T1- triple-helical trimer at low temperature (Figure 2A).
892c) designed to model type | collagen, with a collagenG-Y For T1-892¢ and T1892¢[G10A], nonuniform diffusion coef-
sequencedl(l) chain residues 892909) and a (GPQ)sequence ficients are observed along the peptide chain for the monomer and
on the C terminus was found to have trimer and monomer peaks attrimer resonances. For TB92c[G10A], theDy'®C show higher

four labeled positions along the chain, and relaxation studies values at the C terminus, in contrast to the unifdyr®c values

indicated rlgld trimers are in equilibrium with flexible monomé?é. for all residues (Figure 1B) In particu|ar’ the two N-terminal
Similar results were found for a related peptide of identical sequence monomer positions (A6, A10) show very Iy 1€ values Dyl0C
but with the (GPQ) sequence located at the N terminus {T1 =593 5.97x 10-7cn¥/s, respectively) that are similar to the trimer

892n)3" A peptide homologous to F1892c with a G-to-A change  p,1°C yajyes for residues G13 and G2B;9C = 5,58, 5.95x

modeling a known Ol mutation site (FB92c[G10A]) showed  10-7cn¥/s, respectively). No trimer resonances are seen for A6 and
trimer peaks only C terminal to the mutation site at A10, suggesting A10 since the native state of ¥B92c[G10A] is a partially folded
the mutation prevented complete folding and resulted in a partially conformation with no triple-helix N-terminal to the G10A position.
folded molecule that is triple helical C terminal to the mutation Tg interpret the nonuniform diffusion coefficients of the monomer
site and disordered at the N-terminal éfd. resonances, the populations, chemical shifts, and interconversion
Translational diffusion coefficients have been largely used t0 rates of the partially disordered trimer and the unfolded state need
investigate hydrodynamic properties of folded and unfolded globular 1q pe considered.Previous NMR data indicate that the partially
proteins as well as having been applied to monitor kinetic folding gisordered T1892c[G10A] trimer is highly populated and that the
processes in a globular protein and in collagen model peptiles. monomer resonances N terminal to AL0 arise primarily from the
NMR pulsed field gradient diffusion measurements were obtained gisordered regions of the partially disordered final stateter-
for peptides T+892c, T+-892n, and T+892c[G10A]. Specific  conyersion rates for T4892c[G10A] between monomer and

1N labeling of individual residues within each peptide chain allows - yatially disordered trimer are slow compared to the NMR diffusion
residue- and position-specific diffusion measurements to be Obta'nedexperiment time scale resulting in distinct diffusion coefficients

using the CCLED-HSQC pulse sequence (Supporting Information, for photh specieg. The nonuniform diffusion coefficients of the

Figure S1¥ Translational diffusion coefficients were obtained by  ,onomer resonances can therefore be explained by the chemical
# Rutgers University. shift overlap of the pure monomer a_nd t_he partigll_y disordered
§ UMDNJ-Robert Wood Johnson Medical School. trimer; the low N-terminal monomer diffusion coefficients reflect
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A 7 18 25
Ac-GPOGPOGPOGPOGPAGPAGPVGPAGARGPAGV-CONH,

B § 10 13 25
] Ac-GPAGPAGPVAPAGARGPAGPOGPOGPOGPOGV-CONH,

c 6 10 13 25
7 Ac-GPAGPAGPVGPAGARGPAGPOGPOGPOGPOGV-CONH
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Histogram of the residue-specific diffusion coefficients verSislabeled residues for (A) T4892n, (B) T-892c[G10A], and (C) T+892c.

D10°C, Dy9C, andDw*”C are shown in dotted cyan, orange, and blue, respectively.
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Figure 2. Schematic representation of the equilibrium states of (A} T1
892n, (B) T+892c[G10A], and (C) T+892c. The green circle and red
circle represent the position of G25 and A6, respectively.
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a superposition of a low population of pure monomer species and
the highly populated partially disordered trimers (Figure 2B).

For T1-892c, a two-state model of native trimer and unfolded
monomer cannot explain the differences amongDké”c values
for different residues. Th®y1°¢ value for G25 (10.16x 107
cn¥/s) is similar to the G2Dy*%C value, whileDy'*C for A6,
G10, and G13 are smaller th@u**C values. As opposed to T1
892c[G10A], the final folded form of T4892c has been shown to
be arigid, fully folded triple helix along the entire chain; therefore,
the differentDy%C values here need to be interpreted in terms of
the existence of low populations of partially folded species. The
similarity of the Dy1%¢ and Dy*®C of G25 (Figure 1C) indicates
the G25Dy1%C is not modulated by species of molecular weight
higher than the monomer, and thus there is no significant population
of intermediates with partial unfolding at the C terminus. The
decreased values for A6, G10, and G13 compared with the value
for Dy*9C indicate sampling by additional species of higher-
molecular weight. It is probable that the lower monomer diffusion
coefficients reflect the presence of trimer species that are partially
disordered at the N terminus, in equilibrium with the fully folded
trimer and the unfolded monomer. In this way, the diffusion
coefficient of G25 reflects pure monomer species, whereas the
diffusion coefficients for the more N-terminal residues reflect a
population average of monomer species and partially disordered
trimers at the N-terminal end (Figure 2C). Assuming slow inter-

conversion between equilibrium intermediates and monomer spe-
cies, biexponential fits to the data allow estimates of the relative
population of partially disordered species to monomer population
(Supporting Information, Table S1). Values BfyPy range from
0.13 (G13) to 0.26 (A6).

The existence and the nature of the equilibrium intermediates
derived from the residue-specific diffusion experiments described
above may be related to folding pathways of triple helical peptides.
Previous kinetic real-time NMR folding experiments have shown
that C-to-N-terminal directional folding is observed in peptides
where the (GPQ)nucleation domain is at the C terminus, e.g.,
T1-892c58 Here residue-specific diffusion experiments allow
identification of a species which is partially disordered at the
N-terminus, as expected for this zipper-like directional kinetic
pathway.

In summary, the appearance of nonuniform diffusion coefficients
within a given peptide suggests that the method can be used to
detect the presence and define the conformation of partially
disordered species that are in equilibrium with the folded and
unfolded states. This method allows discrimination between a simple
two-state model and more complex multistate models. Thus, the
use of residue-specific diffusion coefficients offers an approach for
detection of low population intermediates in self-associating
systems. Such experiments may be applicable to aggregation as
found in protein-folding diseases.
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